Abstract-In the speed sensorless vector control system, the amended method of estimating the rotor speed about model reference adaptive system (MRAS) based on radial basis function neural network (RBFN) for PMSM sensorless vector control system was presented. Based on the PI regulator, the radial basis function neural network which is more prominent learning efficiency and performance is combined with MRAS. The reference model and the adjust model are the PMSM itself and the PMSM current, respectively. The proposed scheme only needs the error signal between q axis estimated current and q axis actual current. Then estimated speed is gained by using RBFN regulator which adjusted error signal. Comparing study of simulation and experimental results between this novel sensorless scheme and the scheme in reference literature, the results show that this novel method is capable of precise estimating the rotor position and speed under the condition of high or low speed. It also possesses good performance of static and dynamic.
I. INTRODUCTION
Closed-loop speed control in high performance permanent magnet synchronous motor vector control system is essential. There are two ways to achieve speed detection, one is to mount the sensor directly to speed detection and the other is not installed sensors, but indirectly through the motor parameters to estimate and detect rotor speed. Objective point of view, speed sensor makes the design simple, accurate signal, it should be preferred PMSM system design. But in some special occasions and field of application, whether to install the sensor has become a prominent issue. How to adapt to the working environment, increasing system reliability has become a system research and design problems. In order to overcome the mechanical sensor the flaw, to research and develop the control method with high reliable nonmechanical sensor, becomes one of electrical machinery control area of technology research hot spots.
At present, the sensor PMSM vector control has been proposed in a number of ways to estimate the motor rotor position and speed. In [1] , direct calculation formula of calculation method of rotor position angle was given. Rotor position and speed are obtained by actual measurement. Calculation process is simple and direct, without the use of complex convergence algorithms, faster dynamic response. Due to the methods used in the calculation of the differential current, measured error significant impacts on the accurate observation of the rotor position. Moreover, it is an open-loop algorithm, which is not possible to get the correct estimated results by the noise or parameter changes. By the phase voltage and phase current of motor, the phase induction of the stator is calculated in real time [2] [3] [4] . By comparing the calculated inductance value and the actual measured inductance value, the estimated rotor position is calculated. In the transient and at low speed, it is difficult to measure the back EMF accurately, so there is the error in the inductance value, resulting in the error of estimated rotor position. In addition, estimated speed is affected by the parameter change, especially when the inductance is saturated, the value of the angle will be a great error by table look-up. When the motor steady-state is running, the stator and rotor flux synchronous rotate. By calculating the phase angle of stator flux, the rotor position is estimated. Using voltage equation, stator magnetic flux can be evaluated by the back-EMF [5] . But this method is dependent on the motor parameters, when the motor parameters changing caused by the temperature change, the magnetic saturation effects, the accuracy of the speed observer is dropping. In the stator two-phase coordinate system, the voltage equation of the salient PMSM is more complex than the one of the non-salient PMSM. The salient pole PMSM methods of observation based on the speed of the back-EMF cannot be directly applied to the salient pole PMSM. In [6] [7] [8] , the adaptive method based on the extended back-EMF to observe the motor speed was proposed; the simulation and the experimental results have proven the effectiveness of the method. By constructing the back-EMF, the motor model cans be seen as the unified mathematical model of both the salient pole PMSM and the non-salient pole PMSM, which apply the unified method to estimate the speed when the motor is running with high speed. But the extended EMF contains the i d and i q The novel method based on the documents [19] [20] proposed the estimated speed based on MRAS and RBFN, which estimates the position and speed for PMSM sensorless vector control system. The Proposed method adopts PMSM itself as a reference model and the PMSM current model as the adjustable model. The error signal which is difference between q-axis estimated current and q-axis actual current fed into the RBFN regulator to obtain estimated speed. Simulation and experimental results verify that the method presented in this paper the effectiveness and viability.
under the rotor synchronous coordinate, which are changing in the motor dynamic process. So the extended back EMF is not constant value, the estimated rotor speed and position is not accurate. In [9] [10] [11] , the method using saliencytracking method can be used for a wide range of speeds and even better results can be achieved at low speeds, but the speed is estimated dependent on the motor saliency effects. The Kalman filter law estimates the rotational speed, which is complex, and causes the structure the adjustment and the parameter design quite is all difficult [12] [13] [14] [15] . Moreover, the Extended Kalman Filter is on the application of PMSM sensorless control system. The simulation model of position sensorless speed control system is established. Tracking characteristics of the motor speed and rotation were simulated, adopting the attenuation factor to improve the speed of fast-track performance. However, the method in not applicable to the closed-loop speed control system with the larger viscosity coefficient. Model reference adaptive system (MRAS) is a relatively common method to estimate the rotor position and speed, which is simple, easy to achieve in the digital control system. The MRAS method of reference model and adjustment model based on the stator flux vector is adopted [16] [17] [18] , which calculating the stator flux linkage separately with the voltage model and the current model, using the adaptive algorithm to adjust above two kind of model computation the stator flux linkage, and observes the electrical machinery rotational speed. Disadvantage of the method is the accuracy of the observations dependent on the accuracy of the motor parameters, particularly on voltage model, motor temperature rise of stator resistance significant impact on calculation of stator flux of change.
II. SPEED SENSORLESS CONTROL USING MRAS AND RBFN

A. Model Reference Adaptive System
Model reference adaptive control system scheme was first proposed by Professor Witark of the United States in 1958. The main characteristic of such system is the use of the reference model, which provides for the performance required by the system. Model reference adaptive control and self-adaptive control are very different in principle and structure. This kind of system performance requirement is not expressed with a target function, but is expressed with the output of reference model or the condition response. Reference model or the status of the output is equivalent to a given dynamic performance, by comparing the output of a controlled object and reference model or the state respond to obtain error information.
According to certain law (adaptive law) to amend the actual system parameters (parameter adaptive), so that actual output or system state as far as possible follow the output or state of the reference model. Parameters of the amended law or auxiliary input signal are generated by the application of agency. In 1989, the scholars used the model self-adaptive system to estimate the speed for the first time, its basic structure as shown in Fig x is fast and stable to approach the state x , which make the difference v approaches zero. One of the key issues to constitute a high quality adaptive control system is the implementation of adaptive law in the adaptive mechanism in Fig. 1 .
There are optimal design methods of local parameters, the Lyapunov Stability Theory and the Popov Super stability design method about the design of the adaptive law, which are complex, therefore very difficult to obtain the widespread promotion in reality. The neural network has the characteristics of self-learning, adaptive capacity and the ability to fully approaching the arbitrarily complex non-linear relationship, so neural network combines with the model reference adaptive system to form the neural network reference adaptive control.
B. Model Reference Adaptive System Based on RBFN
In the rotor rotating reference frame, the PMSM stator current model is described as follows: where 
where ω ∧ estimated rotor angular speed;
are d-axis feedback current and estimated current respectively, which are the number of non-zero.
But for the
From the mathematical equations of the motor, motor speed is only related to the equation (2) . Therefore, according to the equation (2), adjustable model can be gotten and the actual motor body is as the reference model. With parallel structure, estimated speed can be formulated as
Equation (5) is discretized and s T is sample time.
( ) ( 1)
Thus, from (k-1)th the sampled data, estimated speed can be formulated as
where
In the (k-1)th sample time of actual control, the stator axis voltage q u can be calculated. The estimated current Figure 2 . Model reference adaptive system based on RBFN.
Therefore takes the RBFN regulator using the deviation and the deviation rate of change the input, namely
( ) ( 1) e e k e k ∆ = − − (9) The regulator is constituted to get the MRAS based on equation (8) and (9) . PMSM itself is as the reference model, and equation (7) is as an adjustable model. Speed is the adaptive variable ω ∧ , and q-axis voltage is the combination of inputs.
The stator q-axis measured current is as the output of the reference model, and the calculated value is as the output of the adjustable model. After comparing, the result is as the input of RBFN regulator to adjust the adaptive parameters ω ∧ . The system block diagram is shown in Fig. 2 .
C. Structure and Algorithms of Radial Basis Function
Due to the wide range of adaptability and leaning ability, artificial neural networks have been widely used in the prediction of the nonlinear system.
The feed forward neural network is the most widely used artificial neural network. At present, the BP neural network to get more applications in the earthquake prediction, but the convergence of BP neural network learning process is closely related with the initial value. The radial basis function neural network is a good performance of feed forward artificial neural network. Radial basis function neural network is three-layer feed forward network, which is a single hidden layer. From the input to the output mapping is nonlinear whereas from the hidden layer space to output space mapping is linear, so it can greatly accelerate the learning speed and avoid local minima.
RBF network structure is shown in Fig. 3 . In the RBF network structure,
is the input vector. In this paper, there are two inputs, which are q-axis current deviation e and deviation rate of change e ∆ . The Gaussian function is adopted as the membership function as follows:
where the 
And the learning algorithms about the weight value, standard deviation and mean are as follows:
where η is the learning rate and α momentum factor.
III. SIMULATION RESULTS
Matlab is both a powerful computational environment and a programming language that easily handles matrix and complex arithmetic. It is a large software package that has many advanced features built-in, and it has become a standard tool for many working in science or engineering disciplines. Matlab simulation is to verify the proposed method, which is comparison with the method in the literature [19] . In this paper, the method proposed this paper is method 1 and the method proposed the literature [19] is method 2.
The simulations were made in Matlab-Simulink environment, for a PMSM, with the following parameters:
Rated torque: T n Number of pole pairs: P=2; There are high speed and low speed situations in the two cases. In each case, the estimated speed and actual speed curves of the two methods were given. And the error curves of the two methods were given. Fig. 4 shows the simulation wave of form static to 1000r/min in sensorless control. In method 1, it is about 0.9s from start to 1000r/min, while the estimated speed tracking time is 0.68s. The estimated error does not exceed 2r/min. But in method 2, it is about 1.5s from start to 1000r/min, while the estimated speed tracking time is 1.12s. The estimated error does not exceed 3r/min.
A. Staring Process from the Static to 1000r/min
From the graph and data analysis, faster tracking speed and higher estimation accuracy with method 1 are than with method 2.
B. Staring Process from the Static to 50r/min
Fig . 5 shows the simulation wave of from static to 50r/min in sensorless control. Fig. 5(a) is the comparison of the actual speed and estimated speed with method 1. Fig. 5(b) is the comparison of the actual speed and estimated speed with method 2. In method 1, it is about 0.15s from start to 50r/min , while the estimated speed tracking time is 0.1s. The estimated error does not exceed 1r/min. But in method 2, it is about 0.22s from start to 50r/min, while the estimated speed tracking time is 0.16s. The estimated error does not exceed 2r/min.
C. Dyanmic Process form 500r/min to 1000r/min
In order to compare the dynamic performance of the two methods, the simulation of speed change form 500r/min to 1000r/min was carried out. Fig. 6 shows the simulation wave of form 500r/min to 1000r/min in sensorless control. Fig. 6(a) is the comparison of the actual speed and estimated speed with method 1. 
IV. EXPERIMENTAL RESULTS
In order to examine basic performance of the proposed sensorless vector control method using the model reference adaptive system and RBFN, extensive experiments were carried out using the 600W salient pole PMSM. The control algorithm of the motor drive is implemented in a digital signal processor (DSP), which can be programmed using C language. The sampling frequency and the pulse width modulation (PWM) switching frequency of the system is 5 kHz.
Experimental results are to verify the proposed method, and the results with method in the literature [19] are compared. In this paper, the method proposed this paper calls method 1 and the method proposed the literature [19] calls method 2.
In the experiment, three cases are tested. Case 1: start from the static to 1000r/min. Case 2: start from the static to 100r/min. Case 3: form 500r/min to 1000r/min. There are high speed, low speed situations and speed change in the three cases. In each case, the estimated speed and actual speed curves of the two methods were given. Fig. 7 shows the experimental waveform of from static to 1000r/min with sensorless control. Fig. 7(a) is the comparison of the waveforms of the actual measured speed and estimated speed with method 1. Fig. 7(b) is the comparison of the waveforms of the actual measured speed and estimated speed with method 2.
A. Starting Process from the Static to 1000r/min
By analyzing the waveforms, the error between the estimated speed and the actual speed with method 1 is smaller than with method 2 in the process of dynamic. The experimental results are the same as the simulation results. Fig. 8 shows the experimental waveform of from static to 100r/min with sensorless control. Fig. 8(a) is the comparison of the waveforms of the actual measured speed and estimated speed with method 1. Fig. 8(b) is the comparison of the waveforms of the actual measured speed and estimated speed with method 2. By analyzing the waveforms , Two kinds of methods in 100r/min can still identify the motor speed . The error between the estimated speed and the actual speed with method 1 is smaller than with method 2 in the process of dynamic. The experimental results are the same as the simulation results. Fig. 9 shows the experimental waveform of from 500r/min to 1000r/min with sensorless control. Fig. 9(a) is the comparison of the waveforms of the actual measured speed and estimated speed with method 1. Fig. 9(b) is the comparison of the waveforms of the actual measured speed and estimated speed with method 2. The dynamic response with method 1 is faster 40ms than with method 2, and the error with method 1 is smaller than with method 2. Because the base of these two kinds of identification methods is the rotor speed is constant, in the dynamic process two methods cannot guarantee the estimated speed is consistent with the actual speed and the process is gradual convergence. 
B. Starting Process from the Static to 100r/min
C. Dynamic Process from 500r/min to 1000r/min
V. CONCLUSION
This paper presents a model reference adaptive speed identification scheme, which is based on the existing literature [19] . It only needs the error signal between q axis estimated current and q axis actual current. Then estimated speed is gained by using RBFN regulator which adjusted error signal. Comparative study of simulation and experimental results between this novel sensorless scheme and the scheme in reference literature [19] are presented in this paper. The results show that this novel method is capable of precise estimating the rotor position and speed under the condition of high or low speed. It also possesses good performance of static and dynamic.
